Summary. The inferior alveolar nerve was unilaterally resected in 30-day-old mice; other animals were unilaterally sham-operated. At 15, 30, 60, 90, or 150 days after surgery, the mice were injected with 2~tCi of 3H-proline (sp. act. 1.0Ci/mM) per g of body weight and killed 15, 30, or 60 min later. Autoradiographs were prepared from 5 I.tm decalcified sagittal sections of mandibles and grain counts made over periosteal osteoblasts mesial to the first molar. In denervated mandibles, osteoblasts incorporated less isotope compared to controls with differences being maximal at the early intervals. These differences became attenuated with time, possibly due to an intrinsic compensatory mechanism, secondary to neurotrophic regulation.
Despite the large volume of reported research, the function of nerves in osseous tissues remains unclear (Reviews by Ascenzi and Bell 1972; Dubner et al. 1978) . A large body of information points out the trophic functions of innervation though not necessarily in bone. Most of this evidence has been derived from studies of denervated muscle, taste buds, and regenerating amphibian limbs. Both sensory and motor fibers are able to maintain limb regeneration although a larger number of motor fibers appears to be necessary (Singer 1952) . The intensity of regeneration is apparently determined by the number of nerve fibers present (Guth 1969) . If nerves are allowed to grow into an amputated aneurogenic stump, regeneration is accelerated (Yntema 1959) . Thornton (1968) found that limbs that develop in the absence of nerves can regenerate without a nerve supply, but when placed in contact with nerves, they become nerve-dependent for subsequent regeneration. Following denervation, Singer and Craven (1948) reported an increased mitotic rate in regenerating salamander limbs, but Robbins (1967) observed an inhibition of mitotic activity in the denervated frog tongue.
Although available evidence is inconclusive, Moss (1972) suggested that the sensory nerves in bone may serve a neurotrophic function. The present study investigated the influences of the sensory innervation of bone on the modulation of osteogenic-cell activity.
Materials and Methods
Seventy-five CF-1 mice, 30 days old, and of both sexes were used. Animals were anesthesized with sodium pentobartibal (5 mg/100 gm body wt). A unilateral skin incision was made extending from the distal aspect of the mandibular angle anteriorly for about 1.5 cm. The masseter muscle at its insertion was similarly incised, retracted, and the root apex of the mandibular incisor visualized. The inferior alveolar nerve could be seen beneath the cortex immediately superior to the tip of the incisor. At this age, the cortical bone above the inferior alveolar nerve was thin and easily broken with sharp forceps. The nerve was freed from the accompanying vessels and approximately 2 mm of it was removed. Muscle and skin incisions were closed with 3-0 surgical silk. Other animals were sham-operated. During the sham procedure, the surgical procedure was carried out as follows: Cortical bone above the inferior alveolar nerve was broken; the nerve was visualized but not cut. The contralateral side in each animal served as an untreated control. Fifteen animals were killed at each of the five time periods: 15, 30, 60, 90, or 150 days after unilateral denervation or sham procedure. Prior to sacrifice, the animals were injected intraperitoneally with 2 ~tCi per g body weight of 3H-proline (specific activity 1.0 Ci/mM; Schwartzmann Radiochemicals, Orangeburg, N.Y.). Three experimental and two sham animals were killed at 15, 30 or 60min after 3H-proline administration.
Mandibles were bisected at the symphysis, fixed in neutral buffered formalin for 24 h, decalcified in 10 % EDTA (ethylenediaminetetraacetic acid) at pH 7.4, embedded in parafin and sagittally sectioned at 5 I~m. Several slides per specimen, each slide containing 4 to 5 sections, were prepared. Autoradiographs were made by dipping slides in Kodak NTB-3 emulsion and an exposure period of 16 days. The slides were developed in Kodak D-19 developer, fixed in Kodak Rapid Fixer, and stained lightly with Harris' hematoxylin.
All slides were examined under oil immersion at x 1000. Grain counts were made over periosteal osteoblasts mesial to the first molar. Grains were counted over 400 to 600 labeled cells for each time period. Ceils with overlapping nuclear and/or cytoplasmic outlines were not included in the analysis. Background grain counts were made for each slide with a 21.15 mm Whipple disc. Cells showing grain counts above background values were considered to be labeled.
Data were analyzed by prewritten computer programs for Paired "t" tests and Linear regression analyses including comparison of regression lines. The experimental period was divided into 4 intervals: 15 to 30, 30 to 60, 60 to 90 and 60 to 150 days. Linear regression equations were fitted for each interval (Dixon and Massey 1969) .
Results
No gross changes in the morphology of the mouse mandible were seen following denervation during the experimental period. Autoradiographic grains were seen as early as 15min after 3H-proline administration. Figure 1 presents the typical autoradiographic appearance of osteoblasts after denervation. The labeled bone at the end of the experiment (150 days) showed many apparently empty lacunae following denervation (Fig. 1A) . Intense activity was seen over the periosteal osteoblasts mesial to the first molar at all time periods examined in both the denervated and the sham operated animals (Figs. 1 B, 2). Maximum uptake of 3H-proline occurred 60 days after surgery and 30 min after the administration of the isotope for both the denervated and the sham-operated animals (Table 1 ). At 13 of the 15 time periods tested, osteoblasts showed significantly less label following denervation. The rate of uptake of 3H-proline was estimated by the slope of the linear regression equation. The osteoblasts of sham-operated and denervated bone differed in this rate of uptake at all time periods tested, 15 to 30, 30 to 60, 60 to 90 and 90 to 150 days (Table 2) . Between 15 and 60 days following surgery, osteoblasts ofdenervated bone incorporated 3H-proline at a reduced rate as compared to those of sham operated animals. The rate of uptake of the isotope between 60 and 150 days following surgery declined in both denervated and sham-operated bone but more gradually in the former ( Recent reports have shown an increased number of nerves in osteoarthritic femoral heads (Reimann and Christensen 1972) and accelerated healing of fibular fractures in denervated bone (Frymoyer and Pope 1977) . Regional differences may exist in the functional role of nerves in bone. For example, Wertz and Donaldson (1979) reported that, although the newt limb requires nerves for regeneration, jaw regeneration may be independent of such neural control. In general, denervation studies have to be cautiosuly interpreted regarding neural control over cellular activity since such studies were largely conducted on limbs where a spectrum of muscular, circulatory, or disuse effects are combined (Allision and Brooks 1921; Greiser and Trueta 1958; Dubner et al. 1978 ). The experimental model selected in the present study, therefore offered certain clear advantages: (1) The inferior alveolar nerve is not a mixed nerve and is not known to provide innervation to muscles that move the mandible. (2) Since the two halves of the mandible move as a unit, any disuse effects would be further reduced. (3) The inferior alveolar artery was visualized but left intact thus keeping circulatory and sympathetic disturbances to a minimum.
Trauma is known to cause regional acceleration in osteoblastic activity (Dubner et al. 1978) . Therefore, it could be reasoned that perhaps the uptake of 3H-proline was higher in the osteoblasts of sham-operated animals than in those of the contralateral unoperated side, while osteoblasts of the denervated side had remained unchanged in such uptake. In that case, osteoblasts from denervated bone will show lower uptake than those of sham-operated animals as observed in the present report, but the effects would not necessarily be due to denervation. That position appears highly unlikely in view of the following: (1)Although a complete analysis of the contralateral (unoperated) side is not presented in this study, there is no significant difference in the uptake of 3H-proline by osteoblasts mesial to the first molar between the sham-operated and unoperated sides, though data obtained nearer the site of bone injury might reveal differences. (2) More importantly, if denervation per se were to result in no change in cellular activity, osteoblasts from denervated and sham-operated mandibles ought to be similar since the only difference between the two is nerve resection. Soft tissues and bone were similarly traumatized in both cases.
Although the inferior alveolar artery is left intact, the severe disruption of the blood supply of the periosteum occuring in our surgical procedure may alter the vascular supply of bone significantly. Nevertheless, for the reasons stated above, the differences in osteoblastic activity between the sham-operated and denervated mandibles could only be accounted for by nerve resection. The periosteal blood supply was similarly interrupted in both sham-operated and denervated rats.
Although quantitative data were not obtained, many of the lacunae appeared empty following nerve resection. An increased proportion of apparently empty lacunae has also been reported in aging BNL mice (Tonna 1966) . Since the animals in the present experiment were not old even at the end of the study (180 days), it appears that denervation might have caused an early death ofosteocytes which, had the tissue been innervated, might have remained viable. However, immediately adjacent to the area of empty lacunae, the osteoblastic layer was fully functional as evidenced by the density of autoradiographic grains. This observation indicates great plasticity in the population of osteoblasts even after denervation. 3H-proline uptake increased in osteoblasts in both sham-operated and denervated mandibles until 90 days of age. At all but the first time-periods (15 days), denervated bone showed reduced 3H-proline labeling compared to bone from sham-operated animals. This decrease following denervation probably reflects lowered cellular activity and a concomitant decline in the synthesis and extrusion of matrix proteins.
Since the vascular and sympathetic nerve supply of the mandible was presumably not damaged, it would seem that the observations are a result of denervation which affects the sensory feedback from the periosteal receptors (Sakada 1967) . The reduction in the rate of synthesis suggests the interruption of a "trophic" influence of the nerve. Skopakoff and Stiefel (1972) reported decreased collagen synthesis after resection of the inferior alveolar nerve in dogs. Moss (1972) suggested that similar trophic controls exist for capsular functional matrices, which may passively regulate the position of both the skeletal unit and the periosteal matrices. In postulating a possible neurotrophic influence on bone, it would be important to define neurotrophism as "regulation not mediated by nerve impulses or by functional demand" (Dubner et al. 1978) . Recent investigations have pointed out that only by experiments in which nerve impulse conduction can be selectively dissociated from axoplasmic flow, is it possible to demonstrate definite neurotrophism (Albuquerque et al. 1974) . It is not possible, therefore, to unequivocally demonstrate such a "neurotrophic" factor by the present study. Although functional and circulatory disturbances were kept to a minimum by selecting a sensory nerve in the mandible, altered sensibility certainly resulted. It has been pointed out by several investigators (Moss 1972; Goodwin and Luschei 1974; Behrents 1975; Dubner et al. 1978 ) that such altered sensibility can influence facial dimension. Nevertheless, the present report offers the first direct evidence of the modulation of osteoblastic activity by sensory innervation.
Since the assessment ofosteoblastic activity in the present report was carried out some distance away from the site of surgical trauma, it is not possible to estimate the effects of short-or long-term sensory denervation on the repair of bone fractures. It also remains to be determined what if any would be the effects of long-term denervation if it is carried out very early during development. The grain counts are uniformly low in both experimental and control bones but are quite consistent with the reported data on the uptake of a variety of labeled amino acids by osteoblasts (Tonna 1977) .
Following denervation, osteoblasts dearly exhibited a lower metabolic activity. Differences between sham-operated and denervated specimens were maximal 60 days after denervation. This time factor is perhaps a function of the normal healing process in bone. At longer intervals after trauma (90 to 150 days), the differences between denervated and sham-operated bone were greatly reduced and became attenuated perhaps due to a compensatory mechanism secondary to neurotrophic influences on bone-cell activity. Neurotrophic influences on osteoblast activity
have not yet been unequivocally demonstrated (Dubner et al. 1978) and it is possible to maintain the skeleton under conditions of complete denervation (Corbin and Hinsey 1939) . It is interesting to note, however, that some evidence points to the presence of neurotrophism in dentin deposition (Kroeger 1968 
